It is both a necessary and a sufficient condition for bone to be lost with age at any surface location that during remodeling the replacement of resorbed bone is incomplete. In both the ilium and the rib, the degree of such focal imbalance is smaller on the intracortical than on the endocortical or cancellous surfaces that are adjacent to bone marrow. The reason for this difference is unknown. To further examine this question, we measured various geometric variables in 1263 osteons in rib cross sections from 65 persons, including both sexes and age ranges 20 to 30 years and 60 to 70 years (four groups). Haversian canal (HC) area did not differ significantly between sexes or age groups. Percent osteonal refilling was close to 95% in all groups and did not differ between sexes but fell slightly with age. There was a very highly significant linear relationship between osteon bone area and (osteon area þ HC area) in all groups, with coefficients of determination (r 2 ) greater than 0.98. The regression slopes declined slightly with age in women but not in men. There was a very highly significant quadratic relationship between osteon bone area and osteon perimeter in all groups, with r 2 values greater than 0.97. The ratio osteon bone area:osteon perimeter, an index of bone yield-the volume of bone deposited on each unit area of cement surface-was strongly related to osteon area and did not differ between sexes but was slightly less in the older groups. We conclude the following: (1) The high efficiency of intracortical remodeling in the rib is confirmed, with only trivial effects of age. (2) For HC area to be maintained within narrow limits and bone balance preserved, either initial osteoblast density or osteoblast capacity (the two determinants of bone yield) or, most likely, both must increase progressively with the size of the resorption cavity, suggesting that osteoblast recruitment (relative to available surface) and osteoblast lifespan increase with the volume of bone resorbed. (3) Intracortical remodeling in the rib is more efficient than marrow-adjacent remodeling at any site, possibly because of the different relationships to the circulation. In osteonal remodeling, all molecules released from resorbed bone must travel past the sites of osteoblast recruitment and operation, but in hemiosteonal remodeling, some molecules may not be subject to this constraint. (4) If marrow-adjacent remodeling became as efficient as rib intracortical remodeling, age-related bone loss would cease to be an important medical problem. ß
Introduction
L oss of bone with increasing age has been an inescapable feature of human biology since prehistoric times. (1, 2) This process cannot be fully understood without awareness of the structural changes that underlie but are not revealed by the usual densitometric measurements. (1, 3) Except for the cranial vault, all bone lies between two envelopes, the outer one formed by the periosteum and articular cartilage and the inner one formed by the endosteum, which separates bone from bone marrow. (4) All age-related bone loss occurs from the endosteum, of which the three subdivisions-the cancellous, endocortical, and intracortical surfaces-are in continuity. (5) Each of these surfaces undergoes remodeling, the process mediated by basic multi-ORIGINAL ARTICLE J JBMR cellular units (BMU), whereby old bone is replaced by new bone. (4, 6) During each focal remodeling transaction, the bone surface initially moves away from the adjacent soft tissue for a distance referred to as resorption depth (Rs.De) and then moves back toward the soft tissue for a distance referred to as wall thickness (W.Th). If, for whatever reason, W.Th. is less than Rs.De., replacement has been incomplete, and that transaction has resulted in irreversible bone loss, for which the focal imbalance is both a necessary and a sufficient condition. (1, 6) This contrasts with reversible bone loss owing to expansion of the remodeling space.
During early rapid bone loss from the cancellous surface, some trabeculae are completely removed because of increased Rs.De, leading to fenestration, and those remaining slowly become thinner because of reduced W.Th. (1, 6) Loss of bone from the endocortical surface occurs by enlargement and confluence of subendocortical cavities that are extensions of the marrow cavity; this process, known as cancellization, is the result of increased Rs.De that persists throughout life so that bone cortices become progressively thinner. (8) Rs.De depends mainly on the lifespan of osteoclasts, which is determined by the timing of osteoclast apoptosis. (9) Changes at the intracortical surface are more subtle. Cortical bone, often called compact, is mainly solid but is traversed by small channels called haversian canals at the center of each osteon that contain blood vessels and nerves. The canals are about 50 mm in diameter and in aggregate crosssectional area (cortical porosity) occupy about 5% of the total area ( Fig. 1 ). With age, there is a small increase in cortical porosity in the ilium (from 4.8% to 6.2% in healthy women) owing mainly to an increase in the number of haversian canals. (10, 11) When a new canal is made, W.Th is inevitably less than Rs.De, lest there be no room for the canal contents. There is also a small increase in canal diameter with age owing mainly to increased Rs.De in men and decreased W.Th in women. (12) The relative contributions of the three endosteal subdivisions to bone loss in the ilium are approximately 53%, 40%, and 7%, respectively. (10) Loss of cancellous bone owing to removal of trabeculae and loss of cortical bone owing to increased endocortical resorption also occur in the spine and in the femur and most likely in every other bone,1 but the changes at the intracortical surface vary more between bones. In the femur, the increase in cortical porosity is greater than in the ilium, reaching values above 15% to 20% in many people after age 60 (13) ; there is no increase in osteonal size (area in section) but incomplete refilling owing to a fall in W.Th. (14) By contrast, in the rib, there is a fall in osteonal size but no significant change in haversian canal size, (15) so focal bone balance is better preserved in the rib than in either the femur or the ilium. Bone histomorphometry is performed on two-dimensional (2D) microscopic sections, but it is important always to consider how these measurements relate to three-dimensional (3D) reality. (16) Newly formed bone structural units are demarcated from older bone by the cement line, which corresponds in 3D to the surface on which cement substance was deposited after the resorption cavity has been fully excavated. All new bone formation in the uninjured adult skeleton begins on the cement surface, where all newly formed osteoblasts are assembled. (4, 6) The amount of bone formed on each unit area of the cement surface, of which mean W.Th is an estimate, is of critical importance for the maintenance of bone balance but currently lacks a convenient name. By analogy with crop production in bushels per acre, we will refer to it as yield. Both farmland yield and bone yield are expressed in units of volume per area. Bone yield depends on the number of osteoblasts recruited per unit cement surface area, referred to as initial osteoblast density, and on the total amount of bone made by each osteoblast during its lifespan, referred to as osteoblast capacity. (17) Osteoblast density is the inverse of osteoblast secretory territory-the area over which each osteoblast needs to deposit new bone matrix. (18) The smaller this area, the greater is the contribution to cavity repair and wall thickness made by the same amount of bone matrix production by each osteoblast. When osteoblasts are tall and columnar in shape, their secretory territory is low, and as they become thinner and flatter, their secretory territory increases. (17, 18) Osteoblast capacity is the product of matrix production rate, of which mean mineral apposition rate is the best estimate, (17) and osteoblast lifespan.
Wall thickness depends not only on these variables but also on a dimensionness shape factor that corrects for differences in curvature between different surfaces. (17) In a preliminary study of the human rib confined to young men, we found that although osteons vary greatly in crosssectional area, the extent of fractional refilling is much less variable. (19) Here we report more extensive measurements in a larger sample that includes both sexes and older as well as younger persons that demonstrate that bone yield, which is determined by initial osteoblast density and osteoblast capacity, increases in proportion to the size of the resorption cavity. The rib was the first site used for dynamic bone histomorphometry in living human subjects, (20) but it is by no means representative of the whole skeleton-for example, it is the only bone that is never at rest. Nevertheless, our data that address the mechanism for the preservation of focal bone balance in the rib cortex indicate what the remodeling apparatus can accomplish in ideal circumstances and may lead to a better understanding of why focal bone balance becomes negative with age at other sites and in other bones.
Materials and Methods

Specimen preparation
Archived human rib sections were used for this study. The ribs were obtained from Caucasian subjects either at autopsy of otherwise healthy persons who died suddenly or at thoracotomy for diseases not known to affect bone. There were 65 subjects, 23 men and 14 women, aged 20 to 30 years and 14 men and 14 women aged 60 to 70 years. The method of sample processing has been described previously. (21) In brief, the 3 inch rib segments were placed in 1% basic fuchsin and 40% ethyl alcohol for 4 weeks and then immersed in a large volume of tap water for 48 hours. After hydration, cross sections were cut from each rib, ground to a thickness of about 50 mm, and mounted on a slide.
Histomorphometry
Microscopy of osteons was performed on the cross sections using a Nikon microscope equipped with a CCD video camera (Optronics, Goleta, CA, USA). The microscopic image was imported to a Bioquant NOVA image analysis system (R&M Biometrics, Inc., Nashville, TN, USA) with a panel size of 640 Â 480 pixels. All the secondary osteons that met the following criteria were examined: (1) an intact osteon with a clear cement line boundary, (2) no evidence of remodeling, either resorption or formation (because thin osteoid seams may escape detection, we excluded osteons in which the haversian canal area was larger than one-quarter of the osteon area; although this criterion may exclude some osteons in which bone formation ceased prematurely, such osteons, although quite common in the femur, (13, 14) are extremely rare in the rib (15) ), and (3) no Volkmann's canals crossing the osteon. Based on these criteria, we measured 1263 osteons from young men, 724 from young women, 1087 from older men, and 944 from older women; the number in each subject ranged from 34 to 148, and the mean numbers per subject were about 55, 52, 78, and 67, respectively, in the four groups. As depicted in Fig. 1 , osteon area (On.Ar) and perimeter (On.Pm) were measured by tracing the cement line, and haversian canal area (HC.Ar) and perimeter (HC.Pm) were measured by tracing the boundary of the haversian canal. All measurements were performed under brightfield microscopy using a 10Â objective. From these data we calculated osteon bone area (On.B.Ar ¼ On.Ar -HC.Ar), the percentage of osteon refilling (On.B.Ar/On.Ar Â 100), and the ratio between On.B.Ar and On.Pm (On.B.Ar/On.Pm).
Statistics
The focus of our study was osteonal remodeling and the effects on this process of age and sex, so the unit of observation for all regression analyses was the osteon. However, we calculated descriptive statistics for each variable with the study subject as the unit of observation.
Two-way ANOVA was used to compare the difference in each variable between groups of different sexes and ages. Analysis of covariance (ANCOVA) was performed to compare the difference in On.B.Ar/On.Pm by adjusting for its regression on On.Ar. Bestfitting nonlinear as well as linear regressions were used for testing the relationship in each group between the calculated variables and both On.Pm and On.Ar as independent variables. The relationship between cavity size (On.Ar) and the amount of bone replaced (On.Ar -HC.Ar) is complicated by the common variable On.Ar. As shown by Oldham, (22) the difference between two values (x 1 -x 2 ) is always positively correlated with x 1 and negatively correlated with x 2 even if taken from a table of random numbers. When x 1 and x 2 represent successive measurements in the same subject, this problem can be circumvented by using the mean of x 1 and x 2 rather than x 1 as the independent variable. (22) We have applied this method to avoid artifactual correlation, but to maintain the appropriate scale, we used the sum of On.Ar and HC.Ar rather than their mean.
Results
The primary measured and calculated data in the four groups are compared in Table 1 . Osteon area and perimeter are both larger in men than in women in both age groups and are smaller in old than in young subjects in both sexes. Osteon bone area showed very similar effects of both sex and age. In contrast, haversian canal area showed no significant effect of either sex or age, although it was smaller in younger women than in younger men and larger in older women than in older men, a significant interaction. With pairwise testing, the value was slightly but significantly higher in young men than in old men or in young women. The extent of refilling was close to 95% in all groups but was slightly but significantly lower in the older than in the younger groups. The difference between sexes was not significant, but the reduction with age was 0.39% in men and 1.59% in woman, a significant interaction. The coefficient of variation (CV ¼ SD/mean Â 100) was approximately 10% for the perimeter measurement and approximately 20% for the area measurements but only about 1% for refilling. In each demographic group there was a very highly significant ( p < .0001) linear regression of On.B.Ar on (On.Ar þ HC.Ar) (Fig. 2 and Table 2 ). The slopes ranged from 0.88 to 0.93, in agreement with the small variation in percent refilling (see Table 1 ). The regression intercepts were not significantly different from 0, and the values for r 2 were 0.98 or higher, so (On.A þ HC.Ar) accounted for more than 98% of the variance in On.B.Ar, and all other factors together accounted for less than 2%. The two most different slopes are shown in Fig. 1 , and the four slopes are compared in Table 2 . In men, the slopes did not vary significantly with age, but in women, the slope was slightly but significantly lower in the older than in the younger group, in keeping with the data in Table 1 . The slope was significantly higher in young women than in young men but significantly lower in old women than in old men. There also were significant relationships for both HC.Ar and On.B.Ar/On.Ar with On.Ar, but the values for r 2 were much lower (data not shown).
In each demographic group there was a very highly significant ( p < .0001) quadratic regression of On.B.Ar on On.Pm (Fig. 3) ; the regression parameters were very similar among the four groups. The regression intercepts were not significantly different from 0, and the values for r 2 were 0.97 or higher. so On.Pm accounted for more than 97% of the variance in On.B.Ar, and all other factors together accounted for less than 3%. Because of this close relationship, it is of interest to compare values for the ratio On.B.Ar/On.Pm between groups (Table 3 ). The mean value was significantly lower in older than in younger subjects in both sexes and significantly lower in women than in men in both age groups. However, there was a significant ( p < .0001) relationship, both linear and curvilinear, between On.B.Ar/On.Pm and On.Ar in all demographic groups (Fig. 4) . When the values for the ratio were adjusted for the linear relationship in each group by analysis of covariance, the effect of sex was eliminated, and the effect of age was markedly attenuated, falling with age by about 2% instead of by about 12%, but remained significant (Table 3) .
Discussion
In the adult human skeleton, bone remodeling serves to replace damaged or effete bone as exactly as possible, and to accomplish this purpose, new bone must be formed at the right time and place and in the right amount. (1, 6) The usually small difference between mean values of Rs.De and W.Th (6) could conceal a wide variation in the magnitude and direction of focal bone balance at different locations. In cancellous bone, a close focal matching of W.Th to Rs.De can be inferred from the preservation of a generally smooth surface without abrupt elevations or depressions but is impossible to verify with certainty because the original location of the surface before the remodeling cycle was begun can only be inferred indirectly.
(23, 24) However, the different geometry of intracortical remodeling has enabled us to demonstrate unambiguously an extremely close relationship between the depth of an individual resorption site and the amount of bone laid down at that location. Since such close matching is essential to its function, it is likely to be a universal feature of the remodeling system, except where the template for bone formation has been destroyed by focally excessive resorption. (6) We found only a modest effect of increased age. In all subjects, the mean value of On.B.Ar/On.Ar declined by only about 1% (see Table 1 ) and the mean value of On.B.Ar/On.Pm declined by only about 2% (see Table 2 ) over a mean age difference of 39.7 years. Although statistically significant, these changes were insufficient to produce a significant increase in HC.Ar. This was partly the result of a significant age-related reduction in On.Ar, so the task for osteoblasts was made easier by reducing the size of resorption cavities. Evidently, the maintenance of bone balance is more efficient for intracortical remodeling in the rib than for endocortical or cancellous remodeling at any site. On these surfaces, although individual values for Rs.De and W.Th would be highly correlated, the difference between them, an expression of focal bone balance, would be greater than on the intracortical surface. HC.Ar, whether expressed as an absolute value or as a fraction, differed only slightly between subjects (see Table 1 ), and if taken as constant, all the relationships we have found could be inferred. Nevertheless, it is pertinent to consider how such constancy could be achieved-what has to happen at the cellular level and how the necessary changes in cell function are produced.
Further interpretation of our results requires an understanding of the relationship between measurements made on a 2D section and the 3D reality. In the long bones of the extremities, the long axis of the osteons rarely departs by more than 10 degrees from the neutral axis, (25) and for the most part, the same applies to the rib. (4, 15) Consequently, the area:perimeter ratios we report can be converted directly to volume:surface ratios without the need to correct for section obliquity. (16) Accordingly, as explained in Fig. 5 , we have demonstrated that bone yield (volume of bone made on each unit area of cement surface available for osteoblast recruitment) increases directly with the size of the resorption cavity and hence with the volume of bone resorbed. Furthermore, these relationships differ only trivially between men and women and between young and old persons. If bone yield remained constant, then with increasing resorption cavity size, percent refilling would decline and HC.Ar would increase (see Fig. 5 ). In order to maintain HC.Ar within narrow limits and so preserve bone balance, either initial osteoblast density or osteoblast capacity as previously defined (the two determinants of bone yield) (17) or both must increase with the size of the resorption cavity. Despite its importance for the preservation of bone balance, initial osteoblast density rarely has been measured. Marotti (26) reported a mean value of 6500/mm 2 (corresponding to a secretory territory of 153 mm 2 /osteoblast) in dog cortical bone but gave few details. A similar value was found in growing rat parietal bone, (18) which represents modeling rather than remodeling. In human rib, the mean value was 4500/mm 2 of osteoid seam surface area, a secretory territory of 222 mm 2 / osteoblast, (27) but the distance from the cement surface could not be determined. There was an approximately threefold difference between the lowest and highest values (see Table 3 ), sufficient to account for part of the variability in On.B.Ar/On.Pm. However, from the curvilinear regression (see Fig. 4 ), there was an approximately sixfold difference between the lowest and Table 2 ). Each data point represents a single osteon.
highest values, too large to be accounted for only by variation in initial osteoblast density. Osteoblast capacity as defined has never been measured but is most likely determined mainly by osteoblast lifespan and hence by the timing of osteoblast apoptosis. (6, 17) Both initial osteoblast recruitment (28) and the timing of osteoblast apoptosis (29) could be influenced by factors released from resorbed bone, of which the concentration would be influenced by the volume of bone resorbed, a concept incorporated into a recently developed mathematical model of bone remodeling. (30) One possible explanation for the greater efficiency of intracortical (osteonal) remodeling than of remodeling of bone adjacent to the bone marrow (hemiosteonal) is the different relationships to the circulation. (31) (32) (33) (34) Because of the 3D organization of an intracortical BMU (Fig. 6A ), all molecules released by bone resorption in the cutting cone must travel past the sites of bone formation in the closing cone. Osteoblast recruitment occurs sufficiently close to the cutting cone that molecules released from resorbed bone could travel to the site of recruitment by simple diffusion. Older osteoblasts facing a choice between continued matrix synthesis, transformation to osteocytes, or death by apoptosis are much further from the cutting cone but could be influenced by molecules carried in the efferent limb of the capillary. Much less is known about the circulatory component of remodeling adjacent to marrow, (33) but the so-called bone remodeling compartment (see Fig. 6B ) appears to allow for some molecules released from resorbed bone to reach the marrow circulation directly, without having the opportunity to influence bone formation. Furthermore, reciprocal signaling between osteoclasts and osteoblasts, such as that mediated by the ephrin system, (35) would be more effective with a closed rather than an open circulation. Another possible explanation for the difference in remodeling efficiency is a difference in geometry. During intracortical remodeling, osteonal refilling leads to a decline in the radius of curvature, but in marrow-adjacent remodeling, refilling generally leads to an increase in the radius of curvature. Conceivably, curvature-related differences in surface strain might influence osteoblast recruitment, and changes in surface strain or cell membrane stress might influence osteoblast lifespan. Since strain mediates the beneficial effect of physical activity on bone, (36) the constant movement of the ribs during respiration might play a role. The small variation in percent refilling (see Table 1 ) raises the possibility that toward the end of their lifespan osteoblasts may be able to sense the size of the canal or the closeness of osteoblasts on the other side of the canal. Although HC.Ar was significantly related to On.Ar, the unexplained variance ranged from 47% to 75%, and the CV of HC.Ar ranged from 17% to 33% (see Table 1 ). Nevertheless, there might be other differences between the closed circulation of intracortical remodeling and the open circulation of the bone marrow, such as pressure, fluid flow, or oxygen tension, that are important. Finding the reason would be useful because it eventually could explain why focal balance worsens progressively with increasing age in the femur, where the most clinically important fractures occur, whereas it is maintained so well in the rib. Furthermore, if marrow-adjacent remodeling became as efficient as intracortical remodeling in the rib, osteoporosis would no longer be a significant medical problem.
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